In this work, two real-time methods to transport magnetic nanowires confined in giant hybrid vesicles upon the application of different strategies are studied. The microscale carriers are either magnetically guided through the viscous medium by a non-homogenous field or advected by precisely monitored hydrodynamic flows. The slender geometry of the magnetic component enables the application of large torques, the in-situ characterization of the rotational dynamics, as well as the guided propulsion via the continuous thrust of the nanowire tip on the confining bilayer. The flexibility of the vesicles, required to deform along the steering direction during passage through microscale openings, is enhanced via the adsorption of non-ionic surfactants on the lipid membrane. The resulting integrated system is an excellent candidate to transport colloidal cargos or fluid amounts of some picoliters in microfluidic platforms, even in physiological environments, since it combines the maneuverability of propelled microscopic systems and the protection conferred by the vesicle.
-Introduction
The transport of micro/nano-cargos through a viscous fluid, at low Reynolds number, plays a key role in many different contexts of biology and technology. The different strategies employed to generate propulsion, for example the application of drag forces through external fields, the rotation of a chiral object in the medium or spheres in the proximity of an interface, the wriggling of flexible structures or the generation of hydrodynamic flows via surface-chemical reactions, are compatible with the negligible role of the inertial forces and overcome the restrictions imposed by the Scallop theorem, which states that the configurations sequentially adopted by a swimmer cannot be time-symmetric. [1] [2] [3] [4] [5] [6] [7] In most of the practical applications, nanoformulations such as micelles, vesicles and nanoparticles are preferred since they are able to pass through physical and biological barriers. [8] [9] [10] [11] [12] [13] However, the strong thermal fluctuations of the nano-transporters, only rectified into directed motion under the application of large external forces, strongly hinder the performance of planned trajectories. [14] [15] Designs based on externally actuated microscale particles, with sizes in the same range as most eukaryotic cells, partially overcome the randomization generated by the thermal noise. These carriers are able to transport drugs, nanocargos, colloidal particles or biological entities through a viscous fluid via externally induced flows, subtle hydrodynamic interactions that minimize the damage suffered by the cargo during the transit. However, their relatively large size can be an inconvenient when transported through confined environments.
A potential solution that combines monitored transport, adaptability and protection, essential in many biological applications, is the development of membrane-based microscale carriers. [16] Hollow microobjects with mechanically deformable vesicles and no internal scaffolding, for instance macrophages, microorganisms, stem, sperm and red blood cells, or lipid vesicles, are among the most promising candidates to transport cargos through a viscous medium. [17] [18] [19] [20] They are able to transit through tiny capillaries and narrow pores, [21] [22] [23] [24] [25] while the encapsulated content remains isolated from the potentially hazardous environment by the phospholipid bilayer, even in physiological conditions.
The aim of this work is to prepare a novel and simple hybrid platform as a vehicle for tailored transport in microfluidic conditions. In our design, giant vesicles consisting in a lipid membrane, fluid at room temperature, enclose a minute volume of aqueous solution together with one or more superparamagnetic nanowires. [26] These nanowires have been used in previous studies to transport colloidal cargo near a complex surface, [27] [28] to introduce exogenous DNA into mammalian cells, 29 or as sensitive probes to determine viscoelastic properties of living cells [30] [31] [32] and monolayers of surface-active proteins. [33] [34] [35] [36] By applying different magnetic field configurations, the vesicles are positioned by magnetic field driving or precisely propelled thanks to the induced rotation of the encapsulated nanorods. The slender geometry of the actuated wires enhances the magnitude of both the applied torque and the generated flow, as the same time as facilitates the precise monitorization of the angular dynamics. On the other hand, the use of nanowires, with a diameter of a few hundreds of nanometers, minimizes the size of the actuated component in one of the dimensions, which can be crucial in the transport of the carrier through confined geometries. With this purpose in mind, relatively inextensible bilayers are transformed into highly deformable membranes by incorporating a non-ionic surfactant with a lower packing parameter into the bilayer membrane. [37] [38] Amphiphilic molecules change the dynamics and structure of the bilayer, accumulating at the most stressed sites in the membrane and lowering the energetic cost of its deformation. [24, [38] [39] The mechanical deformable biohybrid capsules allow for the manipulation and transport of molecules in a protective environment, through entangled paths, without requiring direct contact or chemical binding.
-Results and Discussion

-Lipid vesicles containing magnetic nanowires
The application of the slightly modified electroswelling protocol described in the Experimental Section, where magnetic nanowires are dispersed in the aqueous solution before the application of the AC electric field, results in the formation of polydisperse uni-or multilamellar vesicles with sizes ranging from less than 1 to 30 µm. After sedimentation, the vesicles and non-encapsulated nanowires remain suspended above the glass surface of the measurement cell due to the balance between gravity and the electrostatic repulsion with the negatively charged glass substrate. The giant vesicles display Brownian diffusion on the plane parallel to the surface, the (x,y) plane, and negligible upright Brownian movement. A small proportion of the vesicles host in their internal aqueous pool a varied number of magnetic nanowires, which become entrapped during the electroformation process. Nanowires were fabricated through a co-assembly process assisted by the presence of an external magnetic field. The protocol for the synthesis of the wires is described in the Experimental Section and Reference [30] . Before encapsulating them inside the lipid vesicles, they were sonicated for several minutes to shorten their lengths. The resulting nanowires have an average length of 2.4 µm and a dispersity of 0.35. On the other hand, the size distribution of the vesicles was reported in Reference [40] . Even when most of the formed vesicles have sizes below 1 micrometer, being unable to host nanowires, the percentage of vesicles with diameters between 10 and 20 micrometers containing one or more nanowires is larger than 20%.
In Figure 1 we show a set of microscopy images that illustrates the principal types of loaded vesicles. Wires with a length significantly smaller than their wrapping vesicles, present the same anisotropic diffusive motion in the (x,y) plane as the one exhibited by the non-encapsulated nanowires, Figure 1 a and b. A subdiffusive motion of the bounded wires, where their mean squared displacement is not linear with time, is detected only when the vesicles are densely populated, Figure 1 c, when the motion of the rod within the vesicles is restricted by the presence of internal vesicles, lipid residues or partitioning lipid bilayers, or when the length of the confined wires is comparable to the confining vesicle diameter, Figure 1 d, e and f. Occasionally, those nanowires slightly deform the lipid bilayer, Figure 1 d and e, or become bent during the encapsulation process, Figure 1 f.
Vesicles rotating parallel to the substrate
In the first series of experiments, we characterize the rotation of a couple of nanowires, L = 11.1 µm and 3.0 µm in length and D = 0.5 µm in diameter, confined in two lipid vesicles 11.2 µm and 13.1 µm in size respectively. In these vesicles, there is no contact between the inner lipid leaflet and the nanowires. The latter float at a certain distance from the membrane due to the balance between gravity and electrostatic interactions with the zwitterionic lipids. The spinning is induced by a circularly polarized rotating magnetic field with amplitude H0 and angular frequency ωfield = 2πffield, applied on the substrate plane (x,y), , see schematic in
Figure 2
a. The magnetic torque applied on the nanowires, , is instantaneously balanced by the viscous torque produced by the wire spinning in the continuous medium of viscosity η0. In these equations, V is the wire volume, its magnetization, µ0 the permeability in vacuum, ⟨...⟩ denotes a time average, Δχ = χ 2 /(2+χ) = 2.3±0.7, χ = 3.6±0.9 the magnetic susceptibility, β the angle between the wire main axis and the applied field, and
2 is a dimensionless parameter that only depends on the anisotropy ratio (D/L). [30] At relatively high field strength, green regions in Figure 2 a and b, the nanowires synchronously rotate with the external field at a constant angular velocity ωnanowire = 2πfnanowire = 2πffield. In this regime, the angle θ rotated by the nanowire linearly increases with time (green circles in Figure 2 c). The wire delays with respect to the rotating field, forming a constant angle β such that the magnetic torque equals the viscous torque. As the strength of the applied field
decreases β increases, the magnetic torque remains constant and the wire continues rotating at the angular velocity imposed by the external field. However, below a critical field strength Hc, β becomes larger than π/4 radians, and the magnetic torque turns out to be smaller than the drag torque exerted on the wire at the field angular frequency ωfield, preventing the wire rotating synchronously with the field. In the new regime, the angle β between the wire and the rotating field, the difference between the red circles and the green line in Figure 2 c, monotonously increases with time. When β is between π and 2π rad, the nanowire is forced to rotate in the contrary direction and the angle θ travelled by the rod decreases. Once β reaches 2π rad the previous angular dynamics is repeated, as depicted by the periodic pattern described by the red circles in Figure 2 c. Hence, by decreasing the field strength below a critical value Hc, we observe the expected transition between a synchronous and an asynchronous regime (green and red zones respectively, in Figure 2 a and b). [41] For a slender cylinder with length L and diameter D, the critical field strength is proportional to ω 1/2 . The continues lines in Figure 2 a and b, are the corresponding fits to the measured values, with an effective viscosity of the water environment of (2.5±0.3)×10 -3 and (2.1±0.3)×10 -3 Pa s respectively. The expected value of the viscosity for the 0.3 M sucrose solution internal pool is 1.2×10 -3 Pa s, [42] and the increase in this value can be attributed to the proximity of the solid interface and membrane. At lower field strength, the magnetic torque becomes unable to induce any rotation on the wire, gray zones in Figure To characterize the effect that the nanowire rotation has on the vesicles, we take advantage of the occasional presence of vesicles consisting of a small but perceptible vesicle adhered to a larger one, which in turn contains a nanowire, Figure 3 and Movie 1. The induced spinning and revolving motions of the encapsulated magnetic nanowires generate an internal flow that causes the spinning of the vesicles at a slower rate in the direction imposed by the field. In Figure 3 a, we show how a rotating nanowire, 10.5 µm in length and encapsulated in a vesicle 11.0 µm in size, passes from an asynchronous to a synchronous regime above a critical field µ0Hc = 3.2 mT, and how the induced rotation of the vesicle presents a scaled behavior: below Hc the rotational frequency of the vesicle increases with the field strength, whereas above Hc it remains roughly constant. The linear response of the membrane to the wire actuation is confirmed by Figure 3 b, which shows that in the asynchronous regime the temporal response of the vesicle also presents a back-and-forth rotation, and that the angles covered by the nanowire and membrane almost overlap when the former is multiplied by , a nondimensional parameter determined by the efficiency of the momentum transfer mechanism and assessed as the ratio between the vesicle and nanowire rotational frequency. As expected, inertia has not any effect on the studied dynamic at low Reynolds number and the membrane instantaneously responds to the flows generated by the rotating nanowire. The time evolution of the angle travelled by the rotating wire and vesicle in the asynchronous regime is given by: [43] (1)
, and 
In the curves shown in Figure 3 b, the fitting parameter is fc =17.8 Hz, comparable to the value detected in Figure 3 a. Even when the theoretical curve 2 only fits the measured angle rotated by the vesicle in limited time windows, it properly predicts the ranges of frequency at which the angle travelled by the vesicle decreases. Here, the slight differences between the experimental data and the theoretical predictions can be attributed to the hydrodynamic interactions with other objects placed out of the confining membrane. In Figures 3 c (i-ii) , the synchronous/asynchronous transition is induced by increasing the field frequency at two different values of the field strength. In the synchronous regime, the angular velocity of both the nanowire and actuated vesicle increases linearly with the field frequency, but at field frequencies higher than , the nanowire enters in the asynchronous regime, where their average rotational frequency is given by . 31 The lipid membrane responds linearly to the external actuation, and above fc the average rotational frequency of the vesicle is fitted by the scaled function . For the hybrid vesicle of Figure 3 , ε = 0.04 in the range of frequencies and field strengths applied.
We have demonstrated how the induced spinning and revolving motions of the nanowires within the vesicles generate a flow field that causes the spinning of the vesicles in the same direction. By following the trajectory of small tracers, liposomes or phospholipid residues leftover from the synthesis, we prove in Figure 4 that the rotation of the giant vesicle also perturbs the fluid outside. When the hybrid motors rotate around the axis perpendicular to the substrate, they generate a rotating flow field that decreases with distance to the vesicle center as r (-2.4±0. 3) , as shown in Figure  4b . Since a sphere rotating at a constant angular velocity generates a flow field that decay asymptotically as r -3 , the observed difference must be due to finite size effects and to the presence of the solid substrate. [44] Hence, the generated flow may be used to manipulate particles in the viscous medium, rotating them around the actuated vesicle in the direction imposed by the external field, or to achieve an effective mixing of fluids. [45] 
Hybrid vesicles transported under the action of a rotating magnetic field
The flow generated by the monitored rotation of the bounded nanowires can be used to propel the hybrid system near a solid boundary. When the vesicle rotates around an axis perpendicular to the substrate, the flow generated and rectified by the solid surface has no preferential direction in this plane and the rotating vesicle is not advected on the substrate. However, if the rotation of the vesicle is induced by a circularly polarized magnetic field rotating in the plane perpendicular to the glass surface , see schematic in Figure 5 , then the spinning motion of the hybrid vesicles is rectified into a slipping/rolling motion due to hydrodynamic coupling with the glass surface, see Movie 2. The hydrodynamic conveyor belt generated by the rotating hybrid vesicle in the presence of the external boundary, a cooperative flow that can be used as an efficient mechanism to transport matter in the low Reynolds number regime, [40] produces a net thrust that advects the micromotor in the direction perpendicular to the rotation axis. In Figure  5 we show the average speed along the x axis, vx, of an isolated hybrid vesicle containing a rotating nanowire. Data are displayed versus the rotating field strength, Figure 5 b, and frequency, Figure  5 c, and compared to those obtained from the freely dispersed nanowires, vnanowire. At constant frequency, Figure 5 b, the measured linear velocities qualitatively reproduce the trends showed by ( )
the angular velocity in Figure 3 a: the linear velocity of the propelled vesicles increases with the field strength in the asynchronous regime, while it remains constant once the field strength is higher than Hc. Non-encapsulated nanowires having a similar size present an analogous behavior, but with larger velocities and critical field strengths. Unconfined nanowires move at larger linear velocities because of their lower drag coefficients, and probably due to the use of a more efficient mechanism of momentum transfer through the viscous liquid. On the other hand, the enhancement observed in the critical field value reveals that the confinement increases the viscous torque applied on the rotating nanowires. At constant field strength, Figure 5 c, the linear velocity of the hybrid vesicles grows linearly below the critical frequency fc, while above decreases as . Here, fc = 50 Hz, the vesicle diameter Dvesicle = 11.2 µm, and γ = 0.448 is a non-dimensional parameter included to consider that the vesicle presents a rolling and slipping motion. According to the previous results, the velocity is maximized at intermediate frequencies, when the rotational dynamics of the confined nanowire and membrane changes from an asynchronous to a synchronous regime. In this range, the lipid vesicles are transported at mean speeds of up to 5 micrometers/second, compatible with the swimming velocities of other membrane-based driven microswimmers. [18, [46] [47] In this experimental configuration, the direction of motion can be changed without difficulty, as shown in other analogous systems, by substituting the x field by a rotating field applied along the y direction. [5, 7] To conclude this part, it is interesting to point out that the hydrodynamic flows generated by the nanorods are larger than those observed when the flow is generated by the induced rotation of spherical superparamagnetic particles. [40] Consequently, the velocity of transport of the giant vesicles increases by an order of magnitude.
Hybrid vesicles transported under the action of a magnetic field gradient
An alternative procedure for propelling the loaded vesicles through the viscous medium is to position them by the action of magnetic field gradients, a technique named magnetic tweezers. [48] A spatial inhomogeneity in the applied field causes forces on the nanowires, that move in the direction where the field strength is highest. [49] The field gradient persistently pulls nanowires contained into the vesicles, with their main axes aligned along the magnetic field direction. By using the magnet configuration described in the Experimental Section, vesicles 10 µm in size reach speeds in the order of 1 µm s -1 , which in the stokes regime and in the proximity of the rigid wall correspond to magnetic forces around 0.1 pN. [50] The direction of motion is changed by displacing the magnets positioned below the sample, in a configuration such that produces a magnetic field parallel to the glass substrate and avoid the occurrence of rising magnetic forces. By placing the magnet on top of the measurement cell, the vesicles are dragged upward and separated from the confining plane.
In the next series of experiments, we show how the hybrid vesicles can be steered through different microfluidic constrictions by employing the field gradient method. Here, the adaptability of the vesicles is increased by adding 0.38 mM Triton X-100 in the aqueous phase, a widely used nonionic surfactant for recovery of membrane components under mild non-denaturing conditions. The inclusion of a small amount of surfactant in the lipid bilayer results in the display of larger membrane vibrations, clearly appreciable in the bright-field microscope, and in alterations in the shape of the vesicles, which lose their tendency to adopt a spherical symmetry, Figure 6 , image I. On the other hand, the presence of the detergent also reduces the line tension, favoring the formation of transient pores that close when the internal content leaks out. This may limit the use of the vesicles as transporters. [51] [52] In that case, vesicles of lipid membranes in the liquid-ordered phase ( )
with encapsulated magnetic nanowires can be a more stable alternative, since they strongly reduce the leakage induced by the presence of the detergent. [53] A higher surfactant concentration causes lipid solubilization, structural instabilities and disintegration of the bilayer. [54] The carrier's maneuverability is shown in Figure 6 a, Movie 3, where a deformable hybrid vesicle is dynamically guided towards the south (I-V) and north-west (V-IX) of the observation area. The vesicle moves at a constant velocity of 1.1 µm s -1 and forced to pass through two gaps of 5.6 and 3.7 microns, between immobile 10 µm polystyrene particles firmly attached to the substrate. The explored path is tuned by adjusting on the fly the orientation and direction of the driving field. To ensure that the steered vesicles do not use the space over the particles as way of escape we adopt two experimental cautions: the guiding magnet is placed below the sample, in a configuration such that produces a magnetic force pointing to the glass substrate, and we select vesicles with diameters close to the size of the obstacles. Besides, processes where the vesicles get out of the microscope focus were systematically neglected.
To quantify the deformation of the vesicle when it passes through an aperture, we have used an ImageJ plugin that fits an egg-like-geometry to the bright field microscope images. [55] During the transport, the membrane adopts an egg-like-shape in order to relax the stress exerted by the steering wire on the leading edge. The curve of an ellipse weighted by a normal distribution, , is fitted to a hand-picked set of points of the membrane outline, as shown in Figure 6 , image III. Here, l is the coordinate along the egg's long axis, r is the corresponding perpendicular distance to the membrane, a is the width of the egg, b the standard deviation of the distribution and c the position of the distribution's peak along the length. The average deviation to an ellipse is given by , where n is the number of points measured along the egg's length. The steered vesicle decelerates from 1.1 to 0.3 µm s -1 before passing between two obstacles, Figure 6 a and b, III, and the previous image analysis reveals that the vesicle adopts a more elliptic geometry and a minimum width when passing through the opening. While the deformable vesicle passes without difficulty through the 5.6 µm aperture, it spends almost a minute to go across the narrowest one. In fact, in our experimental setup we never detected that the vesicles were able to pass through gaps thinner than the 20% of the vesicle diameter. Even when the increased deformability, qualitatively noticeable by comparing the vesicles shown in Figures 1-5 to those depicted in Figure 6 (Movie 3), allows for an optimized steered exploration of disorder and confining environments, the applied magnetic forces, in the order of 0.1 pN, are not strong enough to provoke remarkable extra-deformations during the passage.
In an attempt to enhance the deformability of the membranes, we also increased the temperature of the vesicles composed by pure DOPC membranes from 25 ºC to 70 ºC, but this change did not significantly alter the stability of the lipid bilayers or the capability of the vesicles to circulate through narrow apertures. Even when magnetic carbon nanotubes were employed in a previous work for spearing cell membranes, [29] we have never detected that the magnetic forces here employed were sufficiently strong to pierce and go through the lipid bilayer. [56] Besides the basic geometries shown in Fig. 6 , circuits having more complex patterns can be equally explored by the hybrid deformable capsules. The ability to transport hybrid vesicles close to a confining surface creates many opportunities to integrate them in a microfluidic platform. 
-Conclusion
Through a slight modification of the classical electroformation method, dispersing the magnetic nanowires in the aqueous solution before the application of the AC electric field, we have formulated a new platform for the transport of cargos at low Reynolds number. Lipid vesicles containing one or more magnetic nanowires are transported through the implementation of different transport strategies: either the application of magnetic forces or the monitored advection of the hybrid structures. The combination of these two methods allows for a subtle and accurate control in the transport of the hybrid vesicles, both in bulk and in confined environments. [57] The versatility of the vesicles, their capability to be efficiently transported by means of both techniques, can be essential in conditions where it is impracticable to place a strong magnet in the proximity of the sample.
In the first approach, the fluid membranes respond linearly to the synchronous or asynchronous spinning motion of the confined nanowires, perturbing at the same time the fluid outside in a controlled manner. The field induced rotation is rectified into translational motion only in the proximity of an interface, condition that is fulfilled in most of the systems of application. [58] [59] The vesicles reach velocities larger than the ones measured when they are loaded with superparamagnetic spherical particles. In superparamagnetic beads the susceptibility at static field is isotropic, and the induced torque is mainly determined at low frequency by the possible existence of a permanent moments in the particle, and at high frequency by the complex susceptibility. [60] Superparamagnetic nanowires, for which the applied torque is proportional to the susceptibility anisotropy , enable the application of larger torques at moderate frequencies that results in enhanced propulsion velocities. In the second approach, the loaded lipid vesicles are steered through different microfluidic constrictions by employing the field gradient method. [61] Here, the inclusion of surfactants in the lipid bilayer increases the deformability of the vesicles, that display an enhanced ability to pass through narrow openings and confined geometries.
These vesicles can be disintegrated upon application of a NIR femtosecond laser pulse, [40] and used for the sheltered on-command release of picoliter droplets and chemicals through small passageways and pores, in physiological conditions or in lab-on-a-chip devices. By further studying custom-decorated deformable vesicles, we may be able to design reconfigurable drug delivery systems for diagnostic or therapeutic use. These cell-like compartments, containing wires that present a strong and measurable response to the presence of constant, rotating and non-homogenous magnetic fields, can be also employed as microreactors and micromixers, [61] [62] [63] [64] as model systems in the induced diffusion through membranes, [65] the study of the mechanical properties of the lipid bilayers, [66] as well as for understanding the transport and extravasation of biological cells.
-Experimental section
Magnetic Wire Synthesis and Characterization Nanowires were fabricated through a bottom-up co-assembly process using superparamagnetic γ-Fe2O3-coated particles and oppositely charged polyelectrolytes poly(trimethylammoniumethylacrylate)-b-poly(acrylamide) with molar mass of 11,000 g mol -1 for the cationic block and 30,000 g mol -1 for the neutral block. Obtained from transmission electron microscopy (Jeol-100 CX), the -Fe2O3 size distribution was characterized by a median diameter of 13.2 nm and a dispersity of 0.23. The dispersity is here defined as the ratio between standard deviation and average diameter. Reference [30] illustrates in more detail the protocol for the fabrication of the wires. Following the described protocol, the as-prepared samples contained anisotropic objects of median length 12.2 µm and of median diameter 0.49 µm. The wire geometrical characteristics were determined from optical microscopy using an Olympus x100 objective of spatial resolution 0.28 µm and from scanning electron microscopy (Supra 40V SEM-FEG, Zeiss). The dispersities in length and diameter were found to be 0.50 and 0.20 respectively. Wire lengths were finally shortened to an average length of 2.4 µm and a dispersity of 0.35 by sonicating the samples for 5 minutes (W = 50 watts). To prevent bacterial contamination, the samples were autoclaved at 120 °C and atmospheric pressure for 20 minutes (Tuttnauer Steam Sterilizer 2340M), concentrated by magnetic sedimentation at 10 6 wires µl −1 and stored at 4 °C.
Encapsulation
The encapsulation of the paramagnetic nanowires in giant vesicles made up of 1,2-dioleoyl-snglycero-3-phosphocholine (DOPC), purchased from Avanti Polar Lipids (Alabaster, AL), was achieved by adding an aliquot of an aqueous stock solution of paramagnetic wires to a sucrose solution during the classical electroformation method. 67 250 µL sample of a solution (1 mg mL -1 ) obtained by dissolving the lipid in chloroform was deposited by drop-casting on the conducting side of two glass slides, thoroughly washed with ethanol, distilled water, ethanol and dried before use, and coated with indium tin oxide (ITO, Sigma Aldrich, resistance 15-25 Ω/sq). Once the solvent was evaporated, we fabricated a closed chamber by separating these electrodes with a 2.0 mm silicone isolator (Himatra). Finally, the chamber was filled with a sucrose aqueous solution (0.3 M) and an AC electric field was applied to each ITO glass plate in three steps, following the protocol described in Reference [68] . In the first step, we applied a sinusoidal electric field, with a function generator (Agilent 33120A, Agilent Technology), at a frequency of 8 Hz and initial amplitude of 10 mV, which was gradually increased by 25 mV every 5 min for 1 h. In the second step, we kept the amplitude constant at 300 mV for 3 h. Finally, we applied a square field with a frequency of 4 Hz and amplitude of 300 mV for 1 h. This procedure led to the formation of uniand multilamellar GVs with a size distribution range of 0.5-50 µm, some of them hosting a varied number of superparamagnetic nanowires in their internal aqueous pool. The membrane of the vesicles, composed of phospholipids having two unsaturated fatty acid chains, is fluid at room temperature. The nanowires within the vesicles, confined by the lipid bilayers in a small volume of aqueous sucrose solution, are not able to cross the membrane. To facilitate the use of optical transmission microscopy and favoring the sedimentation toward the substrate by gravity, the vesicles and magnetic nanowires were dispersed in a glucose solution (0.3 M), with lower density and a different refractive index. [69] The deformability of the membranes increases in the presence of a non-ionic surfactant, Triton X-100 (Sigma Aldrich), which interacts with the membrane altering the membrane composition.
Measurement Cell
The obtained suspension was introduced by capillarity between a glass slide (RS France) and a microscope coverslip (Menzel-Glaser), both spaced by a double-faced adhesive tape and sealed with silicone oil 200 mPa (Sigma Aldrich), minimizing occasional convective motions. Because of density mismatch, the magnetic nanowires and vesicles settled on the glass surface, where remained suspended above the glass slide due to the balance between gravity and the electrostatic interactions with the negatively charged substrate. The sedimented giant vesicles display membrane vibrations and Brownian motion on the glass substrate, and negligible out-of-plane Brownian displacement. Most of the encapsulated wires also present a diffusion movement characterized by anisotropic diffusion coefficients. All experiments were performed at room temperature.
Magnetic Field and Monitorization
To introduce different elliptically polarized rotating magnetic fields in the desired plane, , being and two orthogonal unit vectors and the field frequency, the measurement cell was placed in the center of a custom-made system composed by two orthogonal pairs of coils, arranged on the stage of a bright-field microscope and aligned along the and axes. A fifth coil was located under the sample cell and aligned along the optical axis ( axis). The coils were connected to three power amplifiers (Velleman k8060) commanded by a waveform generator (National Instruments 9269). In the application of a magnetic field gradient, a micropositioner (Narishige, modelo MMN-333) holds a custom-made rotational stage with a Neodymium-Iron-Boron permanent magnet 6 mm in. The magnet is positioned below the sample, at 2.0 mm in all the experiments, in a configuration such that produces a magnetic field parallel to the glass substrate and avoid the occurrence of lift forces. The particle dynamics was visualized with an upright optical microscope (BH2, Olympus) connected to a CCD camera (EO-1312M, Edmund) equipped with a 40 0.65 NA objective.
Supporting Information
As Supporting Information, we provide one .pdf file and 3 videoclips as support of Figures 3, 5a and 6a. The realization of microscopic vesicles capable to transport picoliter droplets in a viscous medium has many implications for the delivery of cargos in lab-on-a-chip devices. In this work, vesicles containing magnetic nanowires combine the transport at will of microscopic systems, the protection conferred by the phospholipid membrane and the required flexibility to deform during passage through microscale openings. 
